Allonursing, the nursing of nonoffspring, is a form of cooperative breeding. To test the kin-selection allonursing hypothesis, we selected 2 experimental groups, based on genetic relatedness, to assess whether evidence of individual and daily patterns of kin-related allonursing would emerge. Each group consisted of 8 motheroffspring pairs, and observers monitored each group over 5 weeks, starting when the offspring were between 8 and 23 days old. One group of 8 mothers was selected to be closely related, and the other group of 8 mothers was selected to be distantly related, based on genetic relatedness. We recorded 1,652 solicitations, of which 869 were nursing bouts and 161 were allonursing bouts. All mothers nursed their own offspring, and 15 of the 16 mothers allonursed. In both groups, 7 of the 8 offspring were allonursed. The offspring of closely related mothers were allonursed more often than the offspring of distantly related mothers, and we found evidence for this pattern at the individual level and daily over 5 weeks. Our results supported the kin-selection hypothesis but not the compensation hypothesis. We suggest that allonursing may have provided adaptive and nutritional benefits related to kin selection, and offspring from the closely related group may have gained more nutritional benefits and more mass than offspring from the distantly related group. We presented evidence that allonursing contributions detected can depend upon the research design. Furthermore, we suggest that the indirect fitness benefits of alloparental care may have been overestimated, and that kin selection alone is not sufficient to explain alloparental care in cooperative breeding social systems.
Cooperative breeding is a social system in which members of the social group provide parental care to the offspring of other parents (Solomon and French 1997; Cant 2012) . Researchers have reported cooperative breeding social systems in insects (Wilson 1971) , crustaceans (Duffy and Macdonald 2010) , arachnids (Salomon and Lubin 2007) , fish (Wisenden 1999) , birds (Cockburn 1998) and mammals (Riedman 1982) . Alloparents typically assist parents in the care of offspring (Brown 1987) . Alloparents retain the potential to reproduce in the present and in the future (Cant 2012) , and alloparents may be nonbreeding adults or subadults, or reproductive adults that provide alloparental care (Solomon and French 1997) . Endocrinological changes of alloparents and the responsiveness of alloparents to infants are proximate causes of alloparental care (Mumme 1997; Solomon and Hayes 2012) . Ultimate causes of alloparental care may be adaptive or nonadaptive (Jamieson 1989; Emlen et al. 1991; Mumme 1997) . Adaptive hypotheses of alloparental care postulate that alloparents gain future direct fitness, and present and future indirect fitness (Mumme 1997; Solomon and Hayes 2012) . Alloparents may incur short-term costs, such as increased energy expenditure, reduced body mass or growth, and decreased foraging efficiency (Tardif 1997; Russell et al. 2003) . Alloparents may incur long-term fitness costs, such as decreased survival (Rabenold 1990 ) and decreased future reproductive success (Reyer 1984; Stiver and Alonzo 2010) .
The provisioning of milk to the offspring of other mothers by lactating females is referred to as allonursing, and allonursing is a type of cooperative breeding (Roulin 2002) . Researchers have reported that allonursing occurs in over 68 mammalian species and across most mammalian families (Packer et al. 1992) . Animals that are in captivity and with larger litter sizes allonurse more often (Packer et al. 1992) . Monotocous (i.e., giving birth of 1 offspring per parturition) species tend to allonurse more often when group size is large, while polytocous (i.e., giving birth to more than 1 offspring per parturition) species tend to allonurse more often when group size is small (Packer et al. 1992) . The occurrence of allonursing varies between taxa (Packer et al. 1992) .
Lactation is the most energetically expensive aspect of mammalian reproduction and increases the energetic costs, metabolic demands, and weight loss of lactating females (Gittleman and Thompson 1988; König et al. 1988) . Lactating females lose energy and resources during nursing (i.e., lactation is a depreciable form of investment-Clutton-Brock 1991). In the 1st few days or weeks after parturition, milk is the exclusive source of nutrients for newborn mammals (Clutton-Brock 1991) . Lactation can have important implications for the survival and subsequent reproductive success of mothers and their offspring, with greater risks of mortality (Clutton-Brock et al. 1989 ) and lower future fecundity (Clutton-Brock et al. 1989; Huber et al. 1999) in lactating than nonlactating females. Allonursing is an additional lactation cost for several species (Roulin 2002) . Allonursing may increase nursing loads, and females with heavier nursing loads may incur greater risks of mortality and lower future fecundity than those with lighter nursing loads (Clutton-Brock et al. 1989) . Allonursing may increase the risk of pathogen transmission, which could cause hemolytic diseases and infections (Roulin and Heeb 1999; Roulin 2002) . The transfer of antibodies during allonursing could retard the maturation of offspring (Carlier and Truyens 1995) . Alternatively, offspring that allosuckle may obtain a greater diversity of antibodies and improve resistance against pathogens (Roulin and Heeb 1999) . Immunodeficient laboratory mice, Mus musculus, survived and grew in nonsterile conditions only when immunocompetent females allonursed them (Gustafsson et al. 1994) .
Researchers have proposed a number of nonmutually exclusive hypotheses to explain the causes and functions of allonursing (Roulin 2002 (Roulin , 2003 Víchová and Bartoš 2005) . The misdirected paternal care hypothesis postulates that mothers inadvertently transfer milk to offspring that steal milk (i.e., milk theft), or mothers lack efficient kin-recognition mechanisms (i.e., mismothering -Packer et al. 1992; Roulin 2002) . Researchers have proposed that the misdirected parental care hypothesis is maladaptive from the point of view of lactating females, because of a potential reduction in fitness, when mothers transfer milk to unrelated offspring during milk theft or mismothering (Packer et al. 1992) . The offspring parasitism strategy of milk theft is adaptive from the point of view of the offspring stealing milk (Packer et al. 1992; Brandlová et al. 2013; Engelhardt et al. 2014) . For example in red deer, Cervus elaphus, early-born offspring stole milk during the late stages of lactation from mothers with late-born offspring (LandeteCastillejos et al. 2000 (LandeteCastillejos et al. , 2005 .
The reciprocity hypothesis proposes that 2 females achieve a higher fitness when allonursing each other offspring to a similar extent than when they do not share milk (Roulin 2002) . Most studies of allonursing report that mothers do not reciprocate allonursing (see Gerlach and Bartmann 2002; Roulin 2002) . Only 2 studies have supported the reciprocity hypothesis (Ekvall 1998; Engelhardt et al. 2014) . Many reindeer, Rangifer tarandus (Engelhardt et al. 2014) , and 4 fallow deer, Dama dama (Ekvall 1998) , reciprocally allonursed, but there is yet no evidence to support that 2 females achieve a higher fitness when allonursing reciprocally than when they do not. Reciprocal allonursing between unrelated mothers only increases the direct fitness of mothers (Roulin 2002) . The learning to parent hypothesis predicts that inexperienced females will allonurse to improve their maternal skills, which may increase their current and/or future direct fitness (Roulin 2002) . Females are thought to allonurse to evacuate surplus milk that their own offspring did not consume, however, the milk evacuation hypothesis does not apply when the offspring of a female is still attempting to consume milk or forage (Roulin 2002) . Females may allonurse to improve the stimulation of their teats, to optimally adjust prolactin concentrations, to enhance their immunocompetence, and to increase the quantity and quality of milk produced (Roulin 2003) . The learning to parent, reciprocity, milk evacuation, and neuroendocrine hypotheses are adaptive hypotheses.
The kin-selection allonursing hypothesis postulates that lactating females preferentially allonurse offspring with whom they share genes by common descent, allowing lactating females to spread their genes in the population and increase their inclusive fitness (Roulin 2002) . Studies of allonursing in lions, Panthera leo (Pusey and Packer 1994) ; dwarf mongooses, Helogale parvula (Creel et al. 1991) ; fat dormice, Glis glis (Pilastro 1992) ; fallow deer (Ekvall 1998) ; prairie dogs, Cynomys ludovicianus (Hoogland et al. 1989) ; gray mouse lemurs, Microcebus murinus (Eberle and Kappeler 2006) ; and meerkats, Suricata suricatta (MacLeod et al. 2013) have reported that lactating females preferentially allonursed the offspring of close kin. In contrast, studies of allonursing in river buffalo, Bubalus bubalis (Murphey et al. 1995) ; evening bats, Nycticeius humeralis (Wilkinson 1992) ; house mice (König 2006) ; wood mice, Apodemus sylvaticus (Gerlach and Bartmann 2002) ; Mexican free-tailed bats, Tadarida brasiliensis (McCracken 1984; McCracken and Gustin 1991) ; wedgecapped capuchin monkeys, Cebus olivaceus (O'Brien and Robinson 1991); grey seals, Halichoerus grypus (Perry et al. 1998) ; and polar bears, Ursus maritimus (Lunn et al. 1999) have not supported the kin-selection hypothesis. More recently, we directly tested the effect of genetic relatedness on the odds of successfully allosuckling (Engelhardt et al. 2014 ) and reciprocal allonursing (Engelhardt et al. 2015) as opposed to comparing 2 groups based on their genetic relatedness. However, Hirotani (1990) reported that the association between adult female reindeer (hereafter, females) and their adult daughters during calving did not differ from a control sample of unrelated females, which may explain our previous findings (Engelhardt et al. 2014 (Engelhardt et al. , 2015 . Researchers have often attributed the evolution of cooperative breeding primarily to kin selection (Brown 1987; Emlen 1997) , but researchers have also questioned whether the indirect fitness benefits of alloparental care may be overestimated (Cockburn 1998; Clutton-Brock 2002) . Our previous findings supported the milk theft (Engelhardt et al. 2014) , reciprocity (Engelhardt et al. 2015) , and improved nutrition (Engelhardt et al. 2016) hypotheses. In our 3 previous studies, we selected the first 25 reindeer mothers to give birth, and we observed them over 10 weeks (Engelhardt et al. 2014 (Engelhardt et al. , 2015 (Engelhardt et al. , 2016 . We thought that allonursing in reindeer functioned similarly all the time, but the detected results may differ upon research design. Before suggesting an overestimation of the indirect fitness benefits of allonursing (Cockburn 1998; Clutton-Brock 2002) , we wanted to experimentally test for kinselection allonursing at the 2 extremes of genetic relatedness, while controlling for group size.
Allosuckling is hypothesized to function to improve offspring nutrition, and hence mass gain, by ingestion of nonmaternal milk in addition to maternal milk (Riedman 1982; Packer et al. 1992) . Offspring that allosuckle may improve their nutrition, and hence mass gain (Mennella et al. 1990; LandeteCastillejos et al. 2005; Engelhardt et al. 2016) , or offspring may allosuckle to compensate for low birth mass, insufficient maternal milk supply (i.e., high maternal rejection rates, low mass of mothers, and a large number of allonursing bouts performed by the mother of an offspring) or inadequate growth (Bartoš et al. 2001; Víchová and Bartoš 2005 ; but see Engelhardt et al. 2016) . The compensation and improved nutrition hypotheses are adaptive hypotheses. When allonursing females associate with close kin or vary their allonursing contributions with genetic relatedness, kin selection may play a role in the behavior of offspring that allosuckle to compensate for deficiencies or improve their nutrition and mass gain (Bartoš et al. 2001 ). There may be adaptive and nutritional benefits of allonursing relative to kin selection.
We manipulated the association of reindeer mothers on the basis of genetic relatedness to assess the kin-selection allonursing hypothesis in reindeer. We predicted that the offspring of genetically, closely related reindeer mothers (hereafter, closely related) allonursed more often than the offspring of genetically, distantly related reindeer mothers (hereafter, distantly related). If there was a pattern of kin-selection allonursing, we suggested that the pattern should be apparent over time, and we suggested that on average the daily ratios of the cumulative number of allonursing bouts among closely related mothers over the cumulative number of allonursing bouts among closely and distantly related reindeer mothers (hereafter, daily ratios of allonursing bouts) should be greater than 0.5. We tested the compensation hypothesis, and we predicted that the number of allonursing bouts received by each offspring would increase because of the low birth mass of offspring, high maternal rejection rates, and a high number of allonursing bouts performed by the mother of the offspring.
Materials and Methods
We conducted this study at the Kutuharju Field Reindeer Research Station near Kaamanen, Finland (69°N, 27°E), a 45 km 2 fenced enclosure. We followed the guidelines of the American Society of Mammalogists for care and use of live animals (Sikes et al. 2011) , and we designed this study in accordance with the Animal Ethics and Care Certificate of Concordia University (AREC-2010-WELA) and the Finnish National Advisory Board on Research Ethics. The Finnish Reindeer Herding Association established the herd in the late 1960s with about 20 males and 60 females. The reindeer population at the Kutuharju Field Reindeer Research Station is semidomesticated and free-ranging within the enclosure. During this study, the manager of the herd maintained a population of females ranging between 2 and 12 years ( X ± SD = 5.93 ± 3.76 year), and we selected mothers with ages ranging from 3 to 11 years (see Table 1 and Supporting Information S1). Females in the herd began giving birth on 4 May 2013, and the manager recorded the last birth on 11 June 2013. Female reindeer are monotocous, giving birth to 1 offspring in May-June, and they are plural breeders. Mothers gradually wean their offspring, and the lactation cycle usually ends in September-October during rut (White and Luick 1984) . During calving, the manager of the herd confined all females to a paddock (approximately 10 ha), where we obtained data on the birth date, offspring sex, birth mass, and mother-offspring assignments. The manager of the herd recorded the birth mass of the offspring to the nearest 0.1 kg with a handheld scale. We characterized the paddocks as generally flat and open area with birch (Betula pendula, Betula pubescens) and pine (Pinus sylvestris) trees. The study animals drank free running water, and ate natural forage and supplemental feed (i.e., pellets). Daily, the manager of the herd provided between 10 and 40 kg of "Rasio Mullin-Herkku 2" pellets to each group (Supporting Information S2). The manager adjusted the daily mass of the pellets based on how many pellets remained in the feed troughs. Reindeer offspring dependent on the milk of their mother for nutrition during the 1st few weeks and do not eat the pellets provided during this time. Offspring could reach the pellets from the feed troughs on the ground, and mothers ate pellets in the ground feed troughs and in the raised feed troughs. Metallic roofs sheltered the pellets from rain. Table 1 .-Mean ± SD for birth mass in kg, age of reindeer (Rangifer tarandus) offspring at the end of the study in days, and age of mothers in year, of the closely and distantly related groups. The numbers of male and female reindeer offspring per group are reported for the closely and distantly related groups. The 95% CIs of the pairwise relatedness estimators of QGM and LRM are reported. This study was conducted at the Kutuharju Field Reindeer Research Station near Kaamanen, Finland (69°N, 27°E) The manager provided pellets to the reindeer at times ranging from 0700 to 1530 h ( X = 9:13; SE = 15 min; Supporting Information S2). For the research protocol, the manager provided supplemental feed only because we thought that the natural forage within the paddock could not sustain the density of reindeer and to avoid restricting the nutrition of mothers. Mothers with restricted nutrition may increase maternal rejection rates and reduce the occurrence of allonursing (e.g., no allonursing bouts- Réale et al. 1999) . Extremely high maternal rejection rates increase the risk of offspring mortality (Réale et al. 1999) . The manager herded individuals we did not select for this study into Lauluvaara, a 13.6 km 2 fenced enclosure within the Kutuharju Field Reindeer Research Station, where the manager did not provide supplemental feed. At the end of the study, the study individuals joined the rest of the herd in Lauluvaara. Researchers fixed collar tags of different colors, with numbers inscribed, to individuals for identification. To avoid potential allonursing effects because of primiparous mothers learning to parent (e.g., allonursing performed mainly by inexperienced mother-Roulin 2002), we did not select primiparous mothers for this study.
We collected blood samples from all individuals and analyzed for 16 DNA microsatellite loci as part of an ongoing progeny testing within this experimental herd (Røed et al. 2002) . We analyzed the following DNA microsatellite loci: NVHRT-01, NVHRT-03, NVHRT-16, NVHRT-31, NVHRT-48, NVHRT-66, NVHRT-73, NVHRT-76 (Røed and Midthjell 1998) , RT-1, RT-5, RT-6, RT-7, RT-9, RT-30 (Wilson et al. 1997) , OarFCB193 (Buchanan and Crawford 1993) , and BM4513 (Bishop et al. 1994) . We assessed parenthood assignments with the simulation program software CERVUS 3.0 (Kalinowski et al. 2007) , which is based on likelihood ratios between candidate parents. We found all microsatellites within the herd to be in Hardy-Weinberg equilibrium and detected no mismatches in the assigned mother-offspring combinations. Indeed, the DNA analyses supported all mother-offspring assignments from field observations. We used the program GenAlEx v 6.4 (Peakall and Smouse 2006) to generate estimates of methods-of-moments estimator of pairwise relatedness, Queller and Goodnight's Method, QGM (Queller and Goodnight 1989) , and of methods-of-moments estimator of pairwise relatedness, Lynch and Ritland's Method, LRM (Lynch and Ritland 1999) . We selected groups based on the pairwise relatedness estimators QGM and LRM (Table 1) . We selected 1 group of 8 mothers to be closely related, and we selected the other group of 8 mothers to be distantly related. We selected study animals for both groups with similar birth masses, ages of offspring, ages of mothers, and the numbers of male and female offspring (Table 1) . We obtained 2 groups consisting of 8 mother-offspring pairs, and we separated the study individuals from the herd for 5 weeks.
Behavioral observations.-We collected data from 30 May to 25 June 2013 over 25 observation days. We confined each group to separate fenced areas (approximately 5 ha) within the paddock. We started to collect data when offspring were between 8 and 23 days old (see Supporting Information S3). We monitored each group for 5 h/day, generally between 0700 and 2000 h, and recorded observations, inside the paddocks, at a distance ranging from 5 to 50 m from animals. Observers used binoculars to reliably record observations of solicitations, agonistic interactions, and identify individuals. Observers collected observations of nursing and allonursing solicitations using behavior sampling with continuous recording (Martin and Bateson 2007) . For each solicitation, observers recorded the occurrence of nursing and allonursing and the identity of the female and offspring. Observers scored a solicitation as an attempt when an offspring brought its muzzle within a head from the udders of a female and the female did not allow the offspring to suckle (e.g., walking away, kicking offspring, head threat to offspring, chasing offspring). Observers scored a solicitation as a rejection when an offspring suckled for less than 5 s (Víchová and Bartoš 2005) . Observers scored a solicitation as successful or as an allonursing bout when an offspring suckled for 5 s or more, and observers scored a bout as ended when the offspring no longer grasped the udder of the female. We selected a 5-s cutoff based on previous nursing and allonursing research in reindeer (Espmark 1971; Marken 2003; Engelhardt et al. 2014 Engelhardt et al. , 2015 Engelhardt et al. , 2016 . Observers collected information concerning which individual ended a solicitation, and they scored these observations as offspring or female. We calculated rates of maternal rejection for each offspring as the number of unsuccessful maternal solicitations divided by the total number of maternal solicitations, and the maternal rejection rates ranged from 0.00 to 1.00 (Zapata et al. 2009b) . Observers opportunistically scored the supplemental feeding bouts of offspring using ad libitum sampling (Martin and Bateson 2007 ), but we did not score the supplemental feeding bouts of mothers.
Observers opportunistically scored agonistic interactions using ad libitum sampling and continuous recording methods (Martin and Bateson 2007) . Observers recorded agonistic interaction as resolved when an individual showed a submissive behavior ("lose"), and the other individual did not ("win"). Observers scored unresolved agonistic interactions as unresolved when neither animal showed a submissive behavior. Observers scored agonistic interactions as displacement, head threat, push, chase, kick, boxing, and other interactions adapted from Thomson 1977) , and they scored associated submissive behaviors as "flee" or "walk away," if submission occurred. The rank of female reindeer is fairly stable throughout the year (Hirotani 1990 ), except for a very short time immediately following the shedding of antlers (Espmark 1971; Thomson 1977) .
Our study did not measure the actual milk consumption. Cameron (1998) found positive relationships between estimated milk intake and suckling bout frequency and total time suckling, based on mass gain. However, Cameron (1998) argued that assuming milk transfer based on behavioral sampling methods, such as time spent suckling, had inadequate empirical foundation because these variables explained less than 15% of the variation in estimated milk intake, and he reported significant heterogeneity between studies and between species. Reindeer offspring require rapid milk ejection, because they suckle frequently and for short durations (White and Luick 1984) . Researchers readily drew milk by hand from each of the 4 udders of reindeer mothers within 1 min prior to experimental treatments in a study of milk ejection both in the presence and absence of the offspring of the mother and with and without the use of oxytocin (Gjøstein et al. 2004) . Therefore, we assumed that milk transfer occurred, and other studies made a similar assumption (Paranhos da Costa et al. 2000; Víchová and Bartoš 2005; Drábková et al. 2008) .
Statistical analyses.-We ran a generalized linear model in R version 3.1.2 (R Development Core Team 2014), using Mass and lsmeans packages, with a log link function and a negative binomial distribution, to assess the predictor variables group, birth mass, sex, the cumulative number of allonursing bouts performed by the mother of the offspring, age of offspring at the end of the study, and the maternal rejection rate on the response variable, cumulative number of allonursing bouts received by each offspring. We designed the predictor group as a categorical variable with 2 categories, closely related group and distantly related group, and we designated the distantly related group as the reference group. We included age of offspring (Ekvall 1998; Landete-Castillejos et al. 2000) and sex (Paranhos da Costa et al. 2000; Víchová and Bartoš 2005) as covariates, because studies reported that these predictors influenced the occurrence of allonursing. We included the predictors birth mass (Paranhos da Costa et al. 2000; Víchová and Bartoš 2005) , maternal rejection rates (Víchová and Bartoš 2005; Zapata et al. 2009b) , and the cumulative number of allonursing bouts performed by the mother of the offspring (Murphey et al. 1995; Bartoš et al. 2001) as covariates in our model, since studies reported that these predictors influenced the occurrence of allonursing as part of the compensation hypothesis (Bartoš et al. 2001; Víchová and Bartoš 2005) . We adopted an alpha of 0.05. We reported the effect size for each parameter as the inverse function of the log of each estimate. We generated the 95% confidence intervals (CIs) around the least square means of the predictor group and averaged them over the levels of sex.
We calculated the daily ratios of allonursing bouts for the 25 observation days. These daily ratios quantified how equivalent the degree to which the daily cumulative number of allonursing bouts performed in each group. The daily ratio values ranged from 0.00 (i.e., mothers in the distantly related group performed all the observed allonursing bouts during the day) to 1.00 (i.e., mothers in the closely related group performed all the observed allonursing bouts during the day). A daily ratio value equal to 0.50 indicated that both groups equally allonursed during the day. We constructed the 95% CI around the mean daily ratio value to assess whether the daily ratios of the cumulative number of allonursing bouts among closely related mothers over the cumulative number of allonursing bouts among closely and distantly related reindeer mothers were greater than 0.50.
We generated a dominance hierarchy for reindeer mothers in the study group using observations of agonistic interactions with a winner and loser identified. The dominance hierarchy in the closely related group tended to be linear, with a Landau linearity index of 0.857 (de Vries 1998). The dominance hierarchy in the distantly related group was linear, with a Landau linearity index of 0.988 (de Vries 1998).
To compare the daily mass of pellets in the closely and distantly related groups, we ran a Mann-Whitney U-test since the assumption of normality was not met. To assess the influence of supplemental feed on maternal body condition, we ran a student t-test to compare the mass change of mothers with and without access to supplemental feed. The manager recorded the mass of mothers in the herd on 29 May and on 16 September. Mothers selected for this study had access to both supplemental feed and natural forage for 5 weeks. The manager could not round up the entire herd for both weighing dates, and he recorded the mass of 41 (i.e., 14 study animals) of the 50 mothers in the herd on both dates.
results
We recorded a total of 1,652 solicitations, of which 869 were nursing bouts and 161 were allonursing bouts (see Supporting Information S1). All mothers nursed their own offspring, and 15 of the 16 mothers successfully allonursed (i.e., 1 mother in the distantly related group did not allonurse; see Supporting Information S1). In each group, mothers allonursed 7 of the 8 offspring (see Supporting Information S3). None of the mothers or offspring died, and mothers did not adopt offspring.
We recorded a total of 370 supplemental feeding bouts (Supporting Information S4 and S5). Per observation day, offspring cumulatively ate supplemental feed between 0 and 56 occasions ( X ± SD = 15 ± 13; Supporting Information S4). Over the 25 observation days, each offspring cumulatively ate supplemental feed between 7 and 48 times ( X ± SD = 23 ± 11; Supporting Information S5). Offspring ate supplemental feed for a cumulative total duration of 1,071 s (N = 63; Supporting Information S6). Offspring ate supplemental feed for short durations ( X ± SD: 17 ± 24 s; range: 1-107 s), and only 5 bouts were longer than 60 s (Supporting Information S6). Reindeer in the closely and distantly related groups had access to the same mass of supplemental feed (U = 273.0, d.f. = 1, P = 0.438). The mass change of mothers with and without access to supplemental feed did not significantly differ ( X ± SE mass change of the mothers we selected = 9.6 ± 1.1 kg; X ± SE mass change of the mothers we did not select = 6.4 ± 1.1 kg; t = 1.86, d.f. = 39, P = 0.07).
The difference in the logs of the expected cumulative number of allonursing bouts received by each offspring was 2.43 units higher for the closely related group compared to the distantly related group, while holding the other variables constant in the model (P < 0.001; Table 2 ; Fig. 1 ). The effect of age of offspring at the end of the study was significant (P = 0.049; Table 2 ). Offspring born heavier were allonursed more often than offspring born lighter (P = 0.024; Table 2 ), and offspring with lower maternal rejection rates were allonursed less often (P = 0.052; Table 2 ). Sex and the cumulative number of allonursing bouts performed by the mother of an offspring did not significantly influence the cumulative number of allonursing bouts received by each offspring ( Table 2) .
The average daily ratio of allonursing bouts for the 25 observation days was greater than 0.50 ( X ± SD = 0.68 ± 0.28; 95% CI range = 0.55-0.81; Fig. 2) . We recorded allonursing bouts on 21 observation days (21/25; 84.00%), and the values of the daily ratios of allonursing bouts ranged from 0.00 to 1.00.
We recorded a total of 2,228 agonistic interactions between mothers, between females and offspring, and between offspring. Of the 2,228 agonistic interactions, we recorded 2,185 agonistic interactions with a winner and loser being identified. Observers recorded 1,152 and 1,076 resolved and unresolved agonistic interactions in the closely and distantly related groups, respectively. Observers recorded 1,130 and 1,055 resolved agonistic interactions in the closely and distantly related groups, respectively (Table 3) . We recorded 149 and 171 agonistic interactions performed at the feeding troughs in the closely and distantly related groups, respectively (Table 3) . Agonistic interactions in both groups were similar (Table 3 ). In the closely related group, 5 mothers performed between 2 and 6 agonistic interactions toward their own offspring, for a cumulative total of 22 agonistic interactions. In the distantly related group, 7 mothers performed between 1 and 5 agonistic interactions toward their own offspring, for a cumulative of 17 agonistic interactions. The other data sets used for the analyses are available online (Supporting Information S7-S11). 
discussion
We manipulated maternal groups of reindeer based on genetic relatedness and demonstrated that mothers allonursed the offspring of closely related mothers more often than the offspring of distantly related mothers. A group of closely related reindeer mothers allonursed more frequently than a group of distantly related mothers. The allonursing contributions of mothers varied with genetic relatedness, which supported the kin-selection hypothesis (Roulin 2002) . The results of this study, compared to our 3 previous studies of allonursing in reindeer (Engelhardt et al. 2014 (Engelhardt et al. , 2015 (Engelhardt et al. , 2016 , suggest that allonursing functions similarly all the time, but the detected results depend upon research design. The results of our study suggest a causal relationship between allonursing contributions and 2 extremes of genetic relatedness. However, in our 2 previous studies, allonursing contributions did not vary with genetic relatedness, and distantly related mothers invested as much as closely related mothers (Engelhardt et al. 2014 (Engelhardt et al. , 2015 . Females in many social species tend to associate nonrandomly, and kinship is the main mechanism that shapes these associations (Djaković et al. 2012) . In several species, alloparents are more likely to associate with and assist close kin (Emlen 1991) . Studies of free-ranging wildlife have reported that females that allonurse associate with close kin and allonurse the offspring of close kin (Hoogland et al. 1989; Creel et al. 1991; Pilastro 1992; Marin and Pilastro 1994; Pusey and Packer 1994; Ekvall 1998; Eberle and Kappeler 2006; MacLeod et al. 2013) . Some studies reported that allonursing contributions varied with relatedness (Creel et al. 1991; Pusey and Packer 1994; MacLeod et al. 2013) . Female dwarf mongooses breed communally with close relatives, and pregnant dwarf mongoose subordinates and spontaneous lactators allonursed close relatives (Creel et al. 1991) . Female dwarf mongooses that spontaneously lactate generally remain in their natal pack, and the dominant female is often succeeded by a related female (Creel et al. 1991) . Lion prides consist of closely related females, and the proportion of allonursing by lion mothers increased as the probability that all females in a crèche were 1st-order relatives (Pusey and Packer 1994) . Within-group female relatedness in meerkats is high (0.41 ± 0.17), and the proportion of pregnant and recently pregnant females allonursing increased as the relatedness to the litter mother increased (MacLeod et al. 2013). However, others studies have reported that females that allonurse do not associate more strongly with close kin than with unrelated females, and do not preferentially allonurse the offspring of close kin (McCracken 1984; McCracken and Gustin 1991; O'Brien and Robinson 1991; Wilkinson 1992; Lunn et al. 1999; Gerlach and Bartmann 2002; Engelhardt et al. 2014 Engelhardt et al. , 2015 . Feral river buffalo form maternal groups (Shackleton and Harestad 2003) . However, domesticated river buffalo mothers did not direct their allonursing contributions to close kin, and their allonursing contributions did not vary with kinship (Murphey et al. 1995) . Female reindeer do not prefer to associate with kin during calving (Hirotani 1990) , which likely influenced the detected results in our 2 previous studies (Engelhardt et al. 2014 (Engelhardt et al. , 2015 . Reindeer mothers and yearling daughters associate more during the rut than during nonrut periods (Hirotani 1989 (Hirotani , 1990 . Female reindeer preference for kin, male-male competition, and male age influenced female association during rut (Djaković et al. 2012) . Reindeer mothers and yearling daughters tend to associate throughout the year, except during calving when their associations did not differ from a control sample of unrelated females (Hirotani 1990) .
The results of this study, our previous findings (Engelhardt et al. 2014 (Engelhardt et al. , 2015 (Engelhardt et al. , 2016 , and several other studies (e.g., McCracken and Gustin 1991; Gerlach and Bartmann 2002; König 2006 ) support the suggestions that the relative importance of indirect fitness benefits of cooperative breeding may have been overestimated, and that kin selection alone is not sufficient to explain allonursing in cooperative breeding social systems (Cockburn 1998; Clutton-Brock 2002; Bergmüller et al. 2007 ). Researchers have found that singular cooperative breeders, which have greater mean within-group relatedness than nonsingular cooperative breeders, did not allonurse more than nonsingular cooperative breeders, and the incidence of allonursing was not associated with relatedness in these groups (MacLeod and Lukas 2014) . Study animals with different motivations, other than motivated by indirect fitness benefits, may have influenced the detected results.
Scientists have proposed alternative explanations, other than kin selection, for the expression of allonursing. Instead of supporting the kin-selection hypothesis, several studies supported the misdirected parental care hypothesis because of milk theft (e.g., Murphey et al. 1995; Zapata et al. 2009b; Engelhardt et al. 2014) and because of a lack of efficient kin-recognition mechanisms (e.g., Manning et al. 1995; McCulloch et al. 1999; König 2006) . Four pairs of fallow deer mothers (Ekvall 1998 ) and a large subset Table 3 .-Resolved agonistic interactions within the enclosures and at the feeding troughs between mothers, between females and offspring, and between offspring of reindeer (Rangifer tarandus) in the closely and distantly related groups. Mothers represent the number of agonistic interaction between mothers. Females and offspring represent the number of agonistic interactions between females and offspring. Offspring represent the number of agonistic interactions between offspring. Mothers at feeding trough represent the number of agonistic interaction between mothers at the feeding troughs. Females and offspring at feeding trough represent the number of agonistic interactions between females and offspring at the feeding troughs. Offspring at the feeding troughs represent the number of agonistic interactions between offspring at the feeding troughs. This study was conducted at the Kutuharju Field Reindeer Research Station near Kaamanen, Finland (69°N, 27°E) of reindeer mothers (Engelhardt et al. 2015) allonursed reciprocally. It is thought that mothers of evening bats may evacuate milk to reduce their mass and increase their hunting success, to induce their neuroendocrine system to adjust prolactin concentrations, or to increase the size of the colony and their future acquisition of foraging or roosting site information (Wilkinson 1992) . Allonursing may be a by-product of female sociality, such as communal defense against infanticide (Pusey and Packer 1994) or reduction of the risk of infanticide (Manning et al. 1995) . Several studies of artiodactyls have supported the compensation hypothesis (e.g., Bartoš et al. 2001; Víchová and Bartoš 2005; Zapata et al. 2010) . In a study of farmed red deer in the Czech Republic, the number of allonursing bouts performed by the mother of the offspring increased the number of allosuckling bouts performed by the offspring of the mother, and offspring that allosuckled more often had lower percentages of mass gain and mass at weaning than offspring that allosuckled less often (Bartoš et al. 2001) . In contrast, studies of laboratory rodents provided with unlimited access to food (Sayler and Salmon 1969; Werboff et al. 1970; Mennella et al. 1990; König 1993) , and of red deer (Landete-Castillejos et al. 2005) supported the improved nutrition hypothesis, by demonstrating that allosuckling offspring improved their nutrition and mass gain by ingesting maternal as well as the milk of other mothers. In a previous study, reindeer offspring that allosuckled improved their nutrition and mass gain (Engelhardt et al. 2016 ), and we found no evidence to support the compensation hypothesis in 2 previous studies (Engelhardt et al. 2014 (Engelhardt et al. , 2016 . Researchers estimated the mean caloric value of reindeer milk to be 8.7 kJ/g, and the caloric value of reindeer milk increased by 66.7% throughout lactation (at week 3, X ± SE = 6.8 ± 0.4 kJ/g; at week 24, X ± SE = 11.4 ± 0.6 kJ/g), which is mainly because of an increased fat content (Gjøstein et al. 2004 ). Engelhardt et al. (2016) also reported that offspring gained 0.46% in mass from birth to 67 days of age per allosuckling bout, and offspring gained 0.03 kg per allosuckling bouts. Therefore, allonursing in our study may provide adaptive and nutritional benefits relative to genetic relatedness, and offspring from the closely related group may have gained more nutritional benefits and more mass than offspring in the distantly related group. Our study did not support the compensation hypothesis, since reindeer offspring born lighter were not allonursed more often than offspring born heavier, and offspring with higher maternal rejection rates were not allonursed more often than offspring with lower maternal rejection rates.
Reindeer mothers and offspring did consume supplemental feed, and the closely and distantly related groups both had access to the same daily mass of supplemental feed. We contend that access to forage in paddocks (i.e., the restrictions of the research protocol on natural forage with supplemental feed) was similar to that for wild reindeer, reindeer in cooperatives and reindeer in Lauluvaara, since natural forage in the wild and in the cooperatives was easily accessible, instead of restrictive, during the 2013 calving season. Therefore, we suggest that reindeer were not habituated to supplemental feed. Captivity increases the occurrence of allonursing, and this increase may be because of crowding, disturbance, or access to unlimited food (Packer et al. 1992) . Captive guanacos, with access to both natural forage and supplemental feed, allonursed more often than free-ranging guanacos (Zapata et al. 2009a (Zapata et al. , 2009b . Several weeks with access to supplemental forage, along with access to natural forage, may not significantly alter allonursing behavior. The mass change of mothers with and without access to supplemental feed did not significantly differ. Our results could have been more convincing if we had data to compare the occurrence of allonursing with and without supplemental feed. In one of our previous studies, we found that the number of supplemental feeding bouts performed by each offspring did not influence the percentage of mass gain or the mass of the offspring at the end of the study (Engelhardt et al. 2016) .
Demonstrating that lactating females associate strongly with close kin and preferentially allonurse closely related offspring is not, in itself, sufficient evidence for the primary role of indirect fitness by kin selection (Clutton-Brock 2002; Griffin and West 2002) , because allonursing the offspring of close kin may not result in enhanced indirect fitness benefits. Only a few studies have calculated the indirect fitness benefits of allonursing (Creel et al. 1991; Gerlach and Bartmann 2002; König 2006) , and not all allonursing females improved their inclusive fitness (Gerlach and Bartmann 2002; König 2006) . For example, nonbreeding, spontaneously lactating female dwarf mongoose increased their own inclusive fitness by the equivalent of 0.79 offspring (Creel et al. 1991) , and only dominant wood mice mothers of mother-daughter pairs increased their inclusive fitness by the equivalent of 3.2 offspring (Gerlach and Bartmann 2002) . In contrast, dominant and subordinate wood mice mothers that communally nested and nursed with related or unrelated mothers had decreased inclusive fitness (Gerlach and Bartmann 2002) . Researchers found that familiarity overrode the effects of relatedness in house mice, and once mothers established an egalitarian relationship, they gained direct benefits by increasing the number of offspring weaned, irrespective of familiarity and relatedness (König 2006) . In addition, the average kinship between communally nesting house mice mothers was 0.16 ± 0.03 and ranged from 0 to 0.54 (Auclair et al. 2014) . Therefore, future research should assess the indirect fitness benefits of allonursing.
The kin-selection benefits of altruism can be reduced by competition among relatives West et al. 2002) . Limited dispersal of individuals from the natal group, as is the case in our study population, was suggested to increase the relatedness between individuals and to favor altruism (Hamilton 1964; West et al. 2002) . West et al. (2002) suggest that limited dispersal also increases the relatedness between competitors, opposing the kin-selected benefits of altruism. In our study, there was no evidence that competition (i.e., agonistic interactions) was stronger in the closely related group than in the distantly related group, since agonistic interactions in the closely and distantly related groups were similar throughout the study and at the feeding troughs. Although interactions between closely related individuals do not, in themselves, provide sufficient evidence for kin selection , allonursing interactions in our study may be consistent with kin selection.
To demonstrate support for the kin-selection allonursing hypothesis in social groups of allonursing females, in which all females are not closely related, researchers should assess whether allonursing contributions vary with known coefficient of relationship derived from a pedigree or with genetic relatedness (Clutton-Brock 2002) . Future studies should estimate the indirect fitness benefits of allonursing females, which would provide stronger evidence of kin selection rather than relying on the known association of lactating females. Social groups in which all allonursing females are closely related can only direct allonursing to close kin, but calculations of inclusive fitness may reveal that researchers have overestimated the relative importance of indirect fitness benefits (Cockburn 1998; Clutton-Brock 2002) , such as finding no appreciable indirect fitness benefits or indirect fitness costs (Gerlach and Bartmann 2002) . We provided evidence that the ability to detect relationships within the same system can depend upon research design, an outcome indicating that future research should be cautious when interpreting relationships associated with allonursing and relatedness (e.g., Hayes 2000; Roulin 2002 Roulin , 2003 Solomon and Hayes 2012) .
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